Water megamasers from circumnuclear disks in galaxy centers provide the most accurate measurements of supermassive black hole masses and uniquely probe the sub-parsec accretion processes. At the same time, these systems offer independent crucial constraints of the Hubble Constant in the nearby universe, and thus, the arguably best single constraint on the nature of dark energy. The chances of finding these golden standards are however abysmally low, at an overall 3% for any level of water maser emission detected at 22 GHz, and 1% for those exhibiting the disk-like configuration. We provide here a thorough summary of the current state of the detection of water megamaser disks, along with a novel investigation of the likelihood of increasing their detection rates based on a multivariate parameter analysis of optical and mid-infrared photometric properties of the largest database of galaxies surveyed for the 22 GHz emission. We find that galaxies with water megamaser emission tend to associate with strong emission in all WISE mid-infrared wavelengths, with the strongest enhancement in the W 4 band, at 22µm, as well as with previously proposed and newly found indicators of AGN strength in the mid-infrared, such as red W 1 − W 2 and W 1 − W 4 colors, and the integrated mid-infrared luminosity of the host galaxy. These trends offer a potential boost of the megamaser detection rates to 6 − 15%, or a factor of 2 − 8 relative to the current rates, depending on the chosen sample selection criteria, while fostering real chances for discovering 20 new megamaser disks.
INTRODUCTION
Astrophysical water masers are natural microwave amplifiers by stimulated emission of radiation. When detected in galaxy centers and are extremely luminous, i.e. millions of times more luminous (brightness temperatures to 10 16 K; isotropic luminosities L H2O 10L ⊙ ) than those associated with typical star-forming regions in the spiral arms of our own Milky Way, they are termed "megamasers." For a fraction (∼ 30%) of them, diskmaser candidates are identified via the high velocity features (redshifted and blueshifted features) that their 22 GHz spectra show in addition to the systemic velocity components (e.g., Kondratko et al. 2006 , Kuo et al. 2011 . Water megamasers in a disk-like configuration are a treasure trove, for they advance our understanding of two extremely important issues: i) the current cosmological model and the nature of Dark Energy (DE), and ii) the galaxy formation and evolution processes.
Vital constraints on the current cosmological model need an extremely accurate Hubble Constant H 0 value. The exquisite WMAP cosmic microwave background radiation and Planck data from redshifts z ≈ 1100, when DE was negligible, are consistent with a wide range of values of H 0 if one does not assume that the universe is flat, i.e., the current "concordance" model (Spergel et al. 2007; Adam et al. 2016) . There is however tension between predicted values of H 0 from Planck and observed values based on standard candles (e.g., Riess et al. 2016) or strong lensing (Bovin et al. 2017) . Thus, independent methods of measuring H 0 are needed in order to minimize systematic uncertainties, and ultimately to provide strong constraints of the geometry and the fraction (Ω m ) of the critical density contributed by matter. A 3% or better accuracy in measuring H 0 would arguably provide the best single constraint on the nature of DE where its effect is greatest (Hu 2005; Olling 2007) . One way of reaching this level of accuracy is, for example, to measure ∼10% distances to each of ≈ 10 galaxies at distances ∼ 50 − 200 Mpc (e.g., Greenhill 2004) . To accomplish the goal we must, however, first identify these precious maser disks, and this requires a substantial increase in their current detection efficiency, which is one of the main objectives of this study.
Regarding the galaxy evolution processes, the megamaser disks provide essential means of constraining the supermassive black hole (SMBH) occupation fraction, along with the universality (i.e., the overall shape and scatter) of the empirically found black hole -host galaxy scaling relations 1 , especially on the lower end of the distribution (M BH ≤ 10 7 M ⊙ ), where very few accurate es-timates are available (e.g., Greene et al. 2010; Greene et al. 2016 ). Due to their well-measured Keplerian rotation, the megamaser disks are an optimal dynamical tracer of the central mass lurking in galaxy centers. Accurate maser-based BH mass measurements via Very Long Baseline Interferometry (VLBI) observations do not suffer from biases from non-virial gas support (e.g., due to turbulence; Barth et al. 2001) . Moreover, unlike stellar dynamical methods, the VLBI measurements are not sensitive to assumptions about galaxy anisotropy and radial variation in dark matter fraction (which are not well constrained observationally; Gebhardt & Thomas 2009; van den Bosch & de Zeeuw 2010) . Unfortunately, of > ∼ 4000 galaxy nuclei surveyed so far for water maser emission in 22 GHz, only ∼ 160 are detected, with ∼ 30% of them possibly originating in disks. The latest data on water maser surveys are curated and made publicly available by the Megamaser Cosmology Project (MCP) 2 . Only ∼ 40 of all these maser galaxies show "triple" spectra, i.e., displaying systemic and highvelocity emission in three line complexes, and only ∼ 10 are possibly good candidates for distance measurements, depending on the collecting area available for VLBI; only < 9 of these objects lie at distances D > 50 Mpc, where their peculiar motions are a small fraction of their total motions, allowing thus estimates of H 0 directly from maser distances and recessional velocities. (Kuo et al. 2011 , Gao et al. 2016 .
Good megamaser disk candidates are however extremely few. The need to have the disk structure strong enough to enable VLBI imaging throughout the velocity ranges of each complex, combined with the requirement for not only the presence of very dense molecular gas, but also a suitable viewpoint, with the nuclear disk seen almost edge-on, cause the probability of detecting the "right" megamaser to drop significantly. Detailed studies of these few precious maser disks clearly identify a parsec-scale, Keplerian rotation profile, and accelerations measured with the Green Bank Telescope (GBT) and the VLBI mappings, together with refinements in the acceleration modeling and a 3-D disk fitting (Humphreys et al. 2008 (Humphreys et al. , 2013 already offer a ∼10% uncertainty in H 0 (e.g., Braatz et al. 2010 , Kuo et al. 2011 , Reid et al. 2012 . To increase the accuracy to <10%, the current suite of telescopes needs an improvement in sensitivity by a factor of ∼ 2, which will not be possible for at least another few decades.
Megamasers and Their Hosts: Optical Studies and
Their Limitations. Initial surveys for maser activity in extragalactic sources have been closely driven by the idea that the maser emission must be associated with intense starformation, and thus targeted objects with large infrared emission or unusually active, radio-loud, or morphologically peculiar galaxies. Maser emission was detected, albeit extremely rarely, at the rate of < 1 in ∼ 40 targets (Henkel et al. 1984; Batchelor, Jauncey & Whiteoak 1982; Whiteoak & Gardner 1986; Henkel, Wouterloot & Bally 1986; Hagiwara, Diamond & Miyoshi 2002 , Graham et al. (2011 ; and the M BH −L bulge relation, e.g., Marconi & Hunt (2003) 2 https://safe.nrao.edu/wiki/bin/view/Main/MegamaserCosmologyProject 2003; Nakai, Sato & Yamauchi 2002) . These searches revealed that the very few powerful megamasers found were hosted by galaxies with actively accreting SMBHs in their centers (i.e., Active Galactic Nuclei, AGNs), where the maser emission originates within about 1pc (3 lightyears) or less of the nucleus (e.g., Claussen & Lo 1986; Haschick et al. 1994) ; these findings led more recent searches for H 2 O megamasers to focus on AGNs. Improved sensitivity and newer spectrometers resulted in new detections in AGNs, however, the success rate remained a mere ∼ 3 − 5% (Braatz, Wilson & Henkel 1996 Braatz et al. 2004; Greenhill et al. 2003 ; Kondratko et al. 2006; Braatz & Gugliucci 2008; Braatz et al. 2010 ).
To date, almost all megamaser disk sources were found in galaxies that only show narrow emission line activity in their centers (i.e., type 2 AGNs, which include both Seyferts and some Low Ionization Nuclear Emission Regions, or LINERs); with extremely few exceptions, AGNs with broad emission (type 1) do not appear to host masers. The standard interpretation for the difference between broad and narrow line emission AGNs is known as the "Unification scenario" (Antonucci & Miller 1985) , where a dusty torus surrounds the nucleus and obscures the central engine (BH, accretion disk, and the broad line emission region) for large inclination angles. Because the presence of water molecules requires a dusty environment, it has thus been inferred that masers might trace molecular material associated with this torus, or with an accretion disk that feeds the nucleus. Consequently, the maser emission is expected to also be heavily geometrydependent in the same manner as the type1/type 2 AGN classes, i.e., to occur for certain, very restricted, viewing angles, perhaps where the line of sight is along the plane of the molecular disk or torus. This scenario appears to be confirmed in great detail by VLBI observations of the megamaser in NGC 4258 (Miyoshi et al. 1995; Greenhill et al. 1995; Lo 2005) . Thus, there are good reasons for searching for megamasers in type 2 AGNs.
Nevertheless, there is not enough reason to restrict the megamaser search to narrow-lined AGNs, or to previously identified AGNs, for that matter. While there is increasing evidence that the maser disk emission is very likely to originate from a geometrically thin disk made of a large number of molecular clouds that connect the inner edge of the torus and the outer part of the accretion disk (e.g., Masini et al. 2016) , there are only very few special cases 3 for which information constraining the inclinations of individual AGN accretion disks relative to that of the surrounding torus is available. The fact that, e.g., the H 2 O megamaser (albeit not a disk) emitting quasar MG J0414+0534 shows broad emission (Impellizzeri et al. 2008) proves that broad-lined AGNs could also host megamasers. Whether all powerful masers host a disk or not, remains still to be identified, however, the presence of a torus does not seem to play as crucial a role in amplifying the radiation as originally thought.
Detailed characterization of the optical properties of the H 2 O maser host galaxies (Zhu et al. 2011 and Constantin 2012) provide promising ways of identify-ing more concrete criteria of searching for H 2 O megamasers. These studies also show somewhat surprising trends in their host properties: megamasers are preferentially found in galaxies with strong intrinsic [O III] λ5007 emission and high levels of obscuration as measured by Balmer decrements, while they tend to favor a possible "goldilocks" range in other properties, e.g.: 1) a narrow range of L [OIII] /σ * 4 values, or Eddington ratios, which suggests a narrow range in their BH accretion rates (concentrated at L/L Edd ∼ 10 −2 ), and 2) a narrow distribution of [S II] λ6716/ λ6731 line ratios which implies narrow ranges in the electron densities in the line-emitting gas. Maser searches tailored on these findings can potentially result in a ∼ 4-fold increase of the maser detection rate (to 11%, from the current < 3%). Unfortunately, there are very few spectroscopically confirmed galaxies inside this box of properties (e.g., in the Sloan Digital Sky Survey; SDSS), and this sample has been somewhat exhausted (e.g., discussion in van den Bosch et al. 2016) . Interestingly, it is also possible that the high maser detection rate among Seyferts (∼ 8%) may not be due entirely to a genuine connection to this type of activity, as it is enhanced by biases associated with the recent maser surveys that targeted almost exclusively type 2 Seyferts (Constantin 2012) . Also, the overall maser detection rate is non-zero for non-AGN types; in fact, there is an equal probability to find masers among Transition Objects (that straddle the borders between starburst galaxies and AGNs in emission-line diagnostic diagrams; e.g., Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley et al. 2006) as in LINERs (∼1.6%), and it is twice as likely to find them in Star-forming galaxies (or H iis; ∼ 3%). For some of these, the maser luminosity is only a smidgen bellow the 10L ⊙ limit that generally (albeit arbitrarily) defines the megamaser activity, and we have now increasing evidence and reasonable physical explanations for variability in megamaser disks (e.g., Pesce et al. 2015) suggesting that these systems might turn into the next disk detection with new observations. Moreover, if indeed there is an evolutionary sequence in which galaxies transform from star-forming via AGN to quiescent as suggested by several studies (Constantin et al. 2008 (Constantin et al. , 2009 (Constantin et al. , 2015 Schawinski et al. 2007; , Cen 2012 , accretion onto the central BH should happen as early as the star formation (or H ii) phase, and should be active in the Transition Objects. Thus, if maser activity is related to accretion, we should look for maser disks in H ii's and Transition Objects as well, especially if the evolutionary sequence resembles H ii → Transition Objects → Seyfert → LINER. The accreting BH could either be obscured by large amounts of dust in the surrounding star-forming regions, or simply optically hidden in a mix of other ionization sources (shocks, turbulence, etc.) or host galaxy light. Hence, restricting our searches to Seyferts and LINERs could overlook a good portion, or even the lion's share of megamasers. This idea is supported by the detection of a megamaser ostensibly in a star-forming (H ii) galaxy (i.e., NGC 2989, Braatz & Gugliucci, 2008) , and another one in a galaxy that was not previously identified as an AGN (UGC 3789; Braatz et al. 2010 ).
1.2. Megamasers and Their Hosts: X-ray and Radio Studies Water maser hosts have been scrutinized outside the optical wavelengths as well, most prominently in X-ray and radio wavelengths. Such studies offer some important clues to the connection between the water maser emission and the AGN activity, however, they have addressed almost exclusively the maser emission in type 2 Seyferts, and for rather small number statistics.
To date, 56 masing galaxies that have been investigated in 2-10 keV (Greenhill et al. 2008 , Zhang et al. 2006 , Zhang et al. 2010 , Castangia et al. 2013 , Masini et al. 2016 , suggest that the masers are found in sources with large absorbing column densities (N H > 10 23 cm −2 ) at a significance level of 95%. Intriguingly however, these studies also find that the available (small) subsamples of nuclear low luminosity (or kilo-) masers (L H2O < 10L ⊙ ) and disk megamasers show average neutral hydrogen column densities that are indistinguishable from those of the entire megamaser sample and from, e.g., samples of narrow-line Seyfert galaxies that were not selected with respect to maser emission. Potentially, a clumpy cloud structure in the circumnuclear environment, diverging positions between maser and nuclear sources, and/or an occasional amplification of a background radio continuum source are sufficiently decoupling X-ray-measured column densities and H 2 O maser properties to mask a clear correlation. It is also possible that any observed association between H 2 O megamaser emission and high X-ray column may be subject to selection effects: there are only a handful of galaxies with availability of both quality maser maps and hard X-ray coverage that allow for accurate estimates of N H > 10 24 cm −2 values, and thus for which it is possible to establish meaningful connections between the properties of the masing disk and those of the obscuring torus; they are also among the nearest of the sample of galaxies searched for maser activity, and do not comprise a complete sample by any means (e.g., Masini et al. 2016) .
Radio investigations of maser host galaxies appear to bring additional support to the importance of the AGN activity in the centers of these galaxies. Comparisons of the radio emission in maser hosts and a control sample of Seyfert 2s show that the maser galaxies exhibit multiband radio luminosities that are higher than those of nonmasers by a factor of a few, however, there seems to be no statistical difference in their spectral indices (Zhang et al. 2012; Liu et al. 2017) . If nuclear radio continuum luminosity is an indicator of AGN power (Diamond-Stanic et al. 2009 ), these findings suggest that AGN activity and its strength may play an important role in exciting strong H 2 O megamaser emissions.
Nevertheless, these studies do not answer the question of whether water megamasers are always produced in association with an AGN, or whether the maser emission is associated with unrecognized AGN activity (i.e., low-luminosity or obscured AGN) remains unclear. Also, the possibility that the megamaser activity is connected to other nuclear properties of their host galaxies remains relatively unexplored.
The Power of WISE in Identifying New
Megamasers Assuming that all megamaser disks are associated with SMBH accretion, we would need to understand why some types of AGNs are more prone to hosting maser disks than others, even within those classified as type 2. Because hot dust surrounding AGNs produces a strong midinfrared continuum and infrared spectral energy distribution (SED) that is clearly distinguishable from normal star-forming galaxies for both obscured and unobscured AGNs in galaxies where the emission from the AGN dominates over the host galaxy emission, mid-infrared observations offer reliable diagnostics for discovering elusive AGNs (e.g. Lacy et al. 2004; Stern et al. 2005; AlonsoHerrero et al. 2006; Donley et al. 2007; Stern et al. 2012; Assef et al. 2013) . Thus, by employing a systematic study of the mid-IR properties of known maser and non-maser galaxies we are bound to constrain the means by which the obscuring torus and the masing disk are related. By investigating how the dust properties compare among the different maser strengths and morphologies we might be able to find out whether a dusty torus is necessary for strong maser disk emission. Would they reflect similar or different temperature ranges, and thus different mid-IR spectral energy distributions (SEDs) and colors? Would any similarities or differences in their mid-IR characteristics help us build more efficient maser disk surveys?
The all-sky survey carried out by the Wide-field Infrared Survey Explorer (WISE ; Wright et al. 2010 ) has opened up a new window in the search for optically hidden AGNs in a large number of galaxies. In particular, for low redshift galaxies, the W 1(3.4µm) -W 2(4.6µm) color is considerably redder ( 0.8) in objects where emission is dominated by AGNs than that of inactive galaxies (see Figure 1 in Stern et al. 2012; Assef et al. 2013) . While this criterion alone would likely identify heavily obscured Compton-thick sources that are expected to be good places to search for H 2 O megamasers (Zhang et al. 2006; Greenhill et al. 2008; Castangia et al. 2013) , it loses its reliability at fainter fluxes (Assef et al. 2013) . Lower luminosity AGNs (e.g. with Eddington ratios 10 −2 ) where strong disk maser systems often reside (Constantin 2012) can be easily missed by this simple selection criterion (Gao et al. 2017) . We are exploring here for the first time a wide variety of the WISE mid-IR photometric properties that could be used as megamaser diagnostics.
Adding information from optical bands proved to increase the success of the mid-IR photometric searches for elusive low luminosity AGNs (e.g. Fiore et al. 2008; Georgantopoulos et al. 2008; Rovilos et al. 2011 ), and we also probe here these effects towards increasing the megamaser detection rates as well. In particular, an enhanced 24 µm-to-optical flux ratio implies strong dust heating by the nuclear accreting power source which is optically blocked by the obscuring dust. Thus, high 24 µm-tooptical flux ratios (and red R − K colors) can be effective indicators of highly obscured Compton-thick AGNs (e.g., Fiore et al. 2008) . Moreover, because the 24 µm-to-optical flux ratio correlates with the X ray-to-optical ratio in AGNs, it can act as an estimator of the relative level of AGN activity, and possibly be used to identify low-luminosity and moderately obscured (N H ∼8×10 22 cm −2 ) AGNs (e.g., Georgantopoulos et al. 2008) , and thus, megamasers.
In this paper, we investigate the dependences of the H 2 O megamaser emission and its properties on the global optical/mid-infrared properties of their host galaxies. Identifying such correlations should help us better understand the underlying maser excitation physics while providing new guidance towards optimizing the sample selection criteria for future maser surveys. In section 2, we describe the samples of maser and non-maser galaxies, and how we collect the associated optical/mid-infrared photometric information. We present the general optical and mid-IR properties of our samples and the correlations with the various types of maser emission in Section 3, and we explore the physics of the association of the megamaser emission with obscured AGN activity in Section 4. We summarize the key points of this study and provide guidance for future maser surveys in Section 5.
Throughout this paper we adopt a ΛCDM cosmology, where Λ denotes the cosmological constant that accounts for dark energy, and the universe contains cold dark matter (CDM). We adopt Ω m = 0.3, Ω Λ = 0.7, and H 0 = 70 km s −1 Mpc −1 for the cosmological parameters.
THE MASER AND NON-MASER GALAXY SAMPLES
AND THE OPTICAL/MID-IR PHOTOMETRIC DATA 2.1. The Sample The largest and most comprehensive catalog of all galaxies surveyed for water maser emission at 22 GHz is being compiled and made publicly available by the Megamaser Cosmology Project (MCP; Braatz et al. 2010) . Starting in 2005, MCP conducted maser searches using the Green Bank Telescope (GBT) with 1 σ rms sensitivity of ∼ 2 − 3 mJy per 24.4 kHz (∼0.33 km s −1 ) channel (e.g. Braatz et al. 2004 , Braatz & Gugliucci 2008 . The redshifts of the galaxies in the GBT surveys range from z = 0.0 − 0.07. The total number of galaxies listed by the MCP website by September 2016 is 4863 galaxies. Among all the galaxies catalogued by MCP, maser emission is found in 161 galaxies and the overall maser detection rate is therefore ∼ 3%.
We note that while we refer to the data listed on the MCP site as the "MCP samples or catalogs," they include galaxies that are not the result of MCP surveys. In particular, the following 19 maser galaxies are not the product of MCP searches, nor have been followed-up with GBT as part of the MCP surveys: IC10, ESO-013-G012, M33, IC 184, IC 342, NGC 2146, VII Zw073, He 2-10, J1028+1046, NGC 3256, NGC 3620, NGC 4038/39, NGC 4214, ESO 269-G012, NGC 4945, NGC 5253, Circinus, NGC 6300, ESO 103-G35. We also note that the entire sample of galaxies we work with here reflects a simple annexation of all galactic nuclei surveyed in 22 GHz, and that the targeting criteria and sensitivities associated with each constituent survey have not been homogeneous. As a consequence, the overall sample might be affected by (to date, unknown) selection effects, however, none of the photometric measurements considered in this analysis played a major role in selecting these galaxies as potential maser targets. The data presented in the MCP catalogs comprise sky positions, recession velocities, 22 GHz spectra, the sensitivity of each observation, and the corresponding source brightness temperature. Herein, we refer to galaxies with confirmed H 2 O maser emission as maser galaxies or masers, and to galaxies with no maser detection as non-maser galaxies, or non-masers. For the maser galaxies, the MCP catalogs also include the maser luminosities, morphologies (e.g., disk, jet), and the corresponding discovery reference. For those galaxies without available L H2O from the MCP website, we calculate the values based on the GBT spectra. The maser luminosities L H2O are calculated under the assumption of isotropic emission (see Pesce et al. 2015 for the definition). The MCP directory includes also the only two high redshift galaxies with maser detection: J0804+3607 and J0414+0534 (z=0.66 and z=2.64, respectively). These two sources have strikingly different properties, both in terms of their hosts and in their maser emission, and we do not include them in our analysis. Table 1 lists the general properties of the 161 low-z maser galaxies, including their distances and their water maser luminosities. The distances are estimated by dividing the recession velocities of the galaxies (v sys ) by H 0 , when v sys ≥ 600 km/s; otherwise, in order to avoid significant distance bias caused by peculiar velocities, we recorded and used here the redshift independent distances from NED 4 .
The Classification of Maser Types
For the sample of galaxies with maser detections, we separate them into two general categories based on their isotropic maser luminosities L H2O . The low-luminosity category is called "kilomasers", which comprises 28 galaxies with L H2O < 10 L ⊙ . The kilomaser emission is more likely to be associated with starforming activity rather than an AGN. The higher luminosity category is called "megamasers", which includes 132 galaxies with L H2O ≥ 10 L ⊙ . Most of the H 2 O megamaser activity is believed to be associated with AGNs, however starburst activity cannot be ruled out (e.g., the optical spectral classification of ∼ 25% of these galaxy nuclei are consistent with either H iis or Transition Objects; Constantin 2012).
Within the category of megamasers, we further define a subsample called "disk masers" of objects where the H 2 O maser emission exhibits the characteristic spectral pattern of high-velocity features that are redshifted and blueshifted and spatially offset from the features of the systemic velocity (e.g. Herrnstein et al. 1999; Braatz & Gugliucci 2008) , or are identified as such from direct mapping of the spatial distribution of the maser emissions using the VLBI technique (e.g. , Gao et al. 2016 . In all of these cases, it is found that the water maser emission originates from sub-parsec scale circumnuclear gas disks at the centers of galaxies (e.g. Herrnstein et al. 1999 , Kuo et al. 2011 Gao et al. 2016) . This is the only type of maser that allows accurate measurements of BH masses and of the Hubble constant (e.g Reid et al. 2013 , Kuo et al. 2015 , Gao et al. 2016 and is therefore the type of maser system we are most interested in detecting more of. The total number of disk masers identified by this method is 45 and the overall detection rate of such systems is 0.9%. The remaining megamasers are likely to be associated with outflows or jets, or disk masers with blueshifted/ redshifted masers which are too weak to be detected given the sensitivity of our survey; however, the scarce data availability on these cases does not allow us to quantify the real fraction of these situations. Figure 1 presents a summary of the number statistics of the samples of maser and non-maser galaxies as a function of distance. The left panel shows the normalized distributions of non-masers (dot-dashed black), masers (dotted yellow), and the sub-groups of megamasers (dashed magenta) and disks (continue cyan). ∆N is the number of objects in a given sample in a distance bin, while N is the size of the sample. The right panel shows the detection rates of masers, megamasers, and disks, out of all the galaxies surveyed for water maser emission, as a function of distance. As it is readily apparent from these distributions, the majority of the maser galaxies have been detected within 150 Mpc, and the detection rate decreases with increasing distance. Nevertheless, at distances larger than 50 Mpc, the statistics are not high enough to determine with confidence or quantify the distance dependence.
Uncertainties in the Maser Detection Rates
The megamaser searches are likely to suffer from variations of the detection limits in terms of their luminosity, because their detection is sensitive not just to the presence of a maser system but also to the flux densities of the individual maser lines. More specifically, detection limits for maser surveys are generally cited in terms of the root-mean-square flux density per spectral channel, and thus, the sensitivity can be restated in terms of the isotropic maser luminosity for a given line width. Since a maser system may consist of many isolated maser components, it is possible that in the case of a maser system with multiple features for which no single channel exceeds the detection threshold, the maser system may remain undetected. Thus, a maser survey with a uniform luminosity limit is not feasible, and there is no practical way to estimate the number of missing maser systems in a given distance (or other parameter) range. As a consequence, the errors associated with the maser detection rates cannot account for this effect.
We also want to emphasize that what we call "detection rate" is simply defined as the fraction of objects that are detected in 22 GHz emission to all of the objects surveyed for this kind of emission, in the respective bin of host properties, and therefore it simply reflects the number of all the systems above the detection threshold, regardless of how luminous these sources are in their 22 GHz activity, or in what cosmic volume they have been detected. We point out that we do not (and are not yet able to) estimate or calculate the true prevalence of maser emission in host galaxies of certain properties.
On the other hand, there are additional uncertainties that could particularly affect histogram comparisons (e.g., Figure 1) . Specifically, the values we list and compare in (any) histograms are subject to uncertainties in the values that are being binned up to create the histogram (i.e., the bin hopping effects). We checked, however, these effects on the validity of the conclusions based on histogram comparisons throughout this study, by employing comparisons of histograms built by bootstrapping, i.e., adding/subtracting objects from various bins and placing them in the adjacent ones, and we did not identify any significant change. In particular, using a simple Monte Carlo (MC) approach, we create the same histogram many times, each time replacing each data point by a new one drawn from the distribution corresponding to that data point's uncertainty (i.e., a Gaussian with a mean equal to the data point's value and variance equal to the square of its uncertainty). By generating a large number of these histograms and looking at the root-mean-square of the value within any particular bin, we are able to get a very robust estimate of the "bin hopping" uncertainty allowed by the dataset. Such a technique has the added benefit of also determining the "most likely" value for the histogram bin itself, by averaging the values we get from the MC process. We find that the result of adding uncertainty to the measurements is to: (1) smooth out the overall shape of this histogram, and (2) increase the value of the error bar on any single bin. However, for this particular sample and its subgroups, the Poisson uncertainties remain dominant.
Optical Photometry of the Galaxy Samples
The optical photometric data for our MCP samples come primarily from the Sloan Digital Sky Survey (SDSS ; York et al., 2000; Abazajian et al., 2009; Ahn et al., 2014) , and we adopt the SDSS u, g, r, i, z magnitude values reported in NASA/IPAC Extragalactic Database (NED). Out of the total MCP sample of 4863 galaxies, NED provides SDSS magnitudes for 2753 galaxies (i.e., 57% of the sample). Among these galaxies, 2731 of them have various types SDSS magnitudes coming from different model fittings (i.e. PSF, Model, CModel, Petrosian 5 ). We adopt here the "Model" magnitudes, which provide good estimates of global galaxy fluxes independent of aperture sizes. For the rest of the 32 nearby galaxies where "Model" photometry is not available (the SDSS catalog is missing many nearby, bright galaxies because of the difficulty of automatic photometric processing of big galaxies) NED provides SDSS photometry from observations with aperture sizes large enough to cover the bulk of the galaxy except for seven systems (NGC 3521, NGC 3627, NGC 4631, NGC 4826, F15327+2340, NGC 6269, and NGC 7331) . We exclude these latter galaxies from the statistical analysis that involves optical photometric properties.
Among the 2749 galaxies with available SDSS photometry, there are 63 megamaser detections, among which 18 show a disk-like configuration. Thus, in terms of optical photometry, the overall detection rate of all masers, megamasers and disk masers are therefore 2.3%, 1.9% and 0.7%, respectively. These values are slightly lower than those of the whole MCP sample, however, in the same ratio, implying that selection biases that generally affect the various maser type detection efficiency should not be significantly different for the subset of galaxies with SDSS photometry. Nonetheless, any comparisons between the entire MCP and the SDSS-MCP samples should be made with some caution because the two samples may have some intrinsic differences in terms of galactic properties. ′′ from the GBT source positions, and to be detected at better than 3σ in both the 3.4µm and 4.6µm bands (W1 and W2, respectively), which are used to identify and classify these galaxies as AGN based on the W1-W2 color (see Section 3.2.1, Figure 3 ). We also require for the matches to have signal-to-noise ratios of SNR ≥ 3 in the W4 band. We did not restrict the detection SNR in the W3 band because galaxies that meet our requirements in W4, which is the least sensitive band, will generally have higher signalto-noise detections in the W3 band. For all duplicates and search radii larger than 6 ′′ , we visually inspected the WISE matches in all four WISE bands to make sure that it corresponds to the MCP source. The proximity of all these galaxies allows unambiguous detections for the great majority of our sources (86% of the entire sample; 4174 galaxies) in all four passbands; all of the kilomasers and the megamaser disks are found to have a WISE counterpart while the megamasers only have a 98% WISE match.
Overall, the overlap with WISE is higher than with the optical photometry, allowing for a greater statistical significance of the investigation of the mid-IR features that may link to the masing activity in galaxy centers. The high MCP-WISE matching rate for the megamasers and disks is somewhat expected, if not encouraging, since these systems are expected to have strong mid-IR emission, and therefore highly detectable counterparts given the previously proposed scenarios for maser emission associated with the circumnuclear dusty torus in AGNs, which (re)emits in the mid-IR regime. Nevertheless, accounting for the maser selection bias (as being targeted out of Seyfert galaxies; Constantin 2012), it is important to investigate whether the maser-Seyferts differ from other Seyferts in their mid-IR emissions due to properties related to the maser emission.
RESULTS: THE OBSERVED CORRELATIONS
6 http://wise2.ipac.caltech.edu/docs/release/allsky/ 7 http://irsa.ipac.caltech.edu/Missions/wise.html
Optical Photometric Properties of Maser Galaxies
Optical photometric measurements have been relatively successfully employed in the past for mapping the distribution of galaxy properties that can be used to constrain semi-analytic models of galaxy formation evolution processes. Here we briefly address the degree to which the presence and strength of maser emission in galaxy centers relates to the optical colors and absolute brightness of their hosts.
To compare the colors of maser and non-maser galaxies, we consider the u − r color, which is sensitive to extinction, as well as to the UV flux and the 4000Å break, and thus relates to the age and properties of the associated stellar populations. For the absolute brightness we are considering the g−band absolute magnitude M g , which is converted from the observed SDSS g-magnitude.
We note that the trends found here with M g are consistent with those exhibited when other SDSS magnitude bands are used. To compute colors, we use extinction (Schlegel et al. 1998) and K-corrected model magnitudes.
For a very basic comparison of their morphological properties, we examine the distribution of inverse concentration indices (ICI) measured by the SDSS photometric pipeline (Lupton et al. 2001; Stoughton et al. 2002; Pier et al. 2003) . ICI is defined by the ratio ICI = r 50 /r 90 , where r 50 and r 90 correspond to the radii at which the integrated fluxes are equal to 50% and 90% of the Petrosian flux, respectively. A small value of ICI corresponds to a relatively diffuse galaxy and a large value of ICI to a highly concentrated galaxy. The concentration index (or the inverse concentration index) has been shown to correlate well with galaxy type (Strateva et al. 2001; Shimasaku et al. 2001) .
We show in Figure 2 the distribution of the MCP galaxy samples in the u − r color and M g , together with the maser detection rates for each subcategory of maser (kilomasers, megamasers, and disk masers) as a function of these two parameters, and as a function of ICI. In the color-magnitude diagram, the yellow triangles, cyan squares, and magenta filled circles represent the kilomasers, megamasers, and disk masers, respectively; the sample of non-masers are shown in grey bullets. We are using the same symbol and color scheme to label different types of masers throughout the rest of the paper.
These plots show that different types of maser galaxies have substantially different distribution in the colormagnitude diagram. In particular, the megamasers tend to be brighter than the kilomasers: 83% of megamasers lie above M g = −19.7 while only 18% of the kilomasers exhibit this level of optical brightness. The disk megamasers reside 100% in these optically brighter galaxies as they all have M g < −19.7. These trends are consistent with the findings of Zhu et al. (2011) who considered Bband absolute magnitudes derived from SDSS photometry.
The preference of megamasers and disk masers to lie in galaxies with M g < −19.7 is interesting in light of the findings of Kauffmann et al. (2003) who show that among nearby galaxies, the M g ∼ −20 magnitude (corresponding to the stellar mass ∼3×10 10 M ⊙ ) marks a transition point beyond which there is a rapid increase in the fraction of galaxies with old stellar populations, high The distribution of the sample galaxies in the absolute g-magnitude (Mg) and the u − r color. The kilomasers are shown as filled yellow triangles, megamasers as cyan squares, disks as magenta filled circles, and non-masers as small grey circles. The horizontal and vertical dashed lines corresponds to Mg = −19.7 and u − r = 2.2, respectively. Upper right panel:The maser detection rates as a function of Mg. The kilomasers, megamasers, and disk masers, are shown with the dotted yellow, solid cyan, and dashed magenta lines respectively. The errors correspond to the Poisson uncertainties of the maser detection rates in each bin. Lower left panel: The maser detection rates as a function of the u − r colors; u − r > 2.22 suggests early type galaxies (E, S0, and Sa) while u − r < 2.22 suggests late type galaxies (Sb, Sc, and Sd). Lower right panel: The maser detection rates as a function of the inverse concentration index (ICI).
surface stellar densities, and high stellar concentrations typical of bulges. The trends we find here suggest then that the megamasers prefer optically bright hosts with likely higher stellar masses. A direct comparison of the dependence of the maser emission properties on stellar characteristics indicators like those used by Kauffmann et al. (2003) is however only possible for a small fraction of our sample (44/162 maser galaxies have SDSS spectroscopy), and preliminary analysis reveals a possible trend towards more massive (and younger) stellar populations, however, at a weak statistical significance (e.g., Constantin 2012) . In terms of the maser detection rates, we see a clear increase with brighter (lower) M g values for the disks and possibly for the whole subsample of megamasers, whereas the trend may be opposite for the kilomasers. Nevertheless, despite the fact that the detection rate of megamasers is enhanced at lower M g up to ∼4%, the improvement based on the optical photometry alone is too small to be useful for future maser survey. Nonetheless, as we will show in Section 3.3.5, when used in conjunction with mid-IR photometric information, the optical photometry becomes quite useful for producing a significant increase in the maser detection.
On the other hand, the maser detection rate of different maser types reveals a rather weak dependence on the galaxy color suggesting that there is no preference for megamasers to reside in a particular type of galaxy; while the disks appear to occupy the u − r > 2.22 locus, there is a small fraction of megamasers (1.3%) with bluer colors. Given that the u − r = 2.22 color can be used to separate between early (E, S0, and Sa) and late type (Sb, Sc, and Sd) galaxies (Strateva et al. 2001) , and that the majority of our maser galaxies with u − r > 2.22 are early-type spirals rather than ellipticals, it is possible that our conclusions apply to spiral hosts only. On a similar note, the ICI parameter does not prove to be useful in delineating megamasers or disks, as their detection rates does not show any particular enhancement for any range; the kilomasers, however, do appear to prefer galaxies with higher ICI values, which, as expected in these cases, are associated with late type hosts.
Mid-infrared Properties of Maser Galaxies
An association of the maser activity with AGN emission is plausible, however, it is by no means clear how the obscuring torus and the masing disk are related. We do not know yet whether megamaser disks are always related to black hole accretion, or whether they require a dusty/molecular torus. If this torus is necessary for strong maser disk emission, would the properties of the dusty torus be similar or different among all megamaser disks? Would they reflect similar or different temperature ranges, and thus different mid-IR spectral energy distributions (SEDs) and colors? Would any similarities or differences in their mid-IR SEDs help us build more efficient maser disk surveys? We explore these connections in the following subsections.
Previous studies found that we can detect a large portion of the population of red/dusty AGNs that do not show AGN-like optical signatures by using the WISE W 1 − W 2 vs. W 2 − W 3 color diagrams. Mid-IR color cuts proposed for selecting red/obscured AGNs include W 1 − W 2 ≥ 0.5 (Ashby et al. 2009), W 1 − W 2 ≥ 0.8 for a lower contamination by non-active galaxies , and sets of criteria involving both of these WISE colors, with even more stringent control for non-AGN contamination (e.g., Jarrett et al. 2011; Mateos et al. 2012) . If there is a strong association between megamaser and disk emission and obscured AGN activity, then we expect to see most of these systems with WISE colors of W 1 − W 2 ≥ 0.8 or within the Mateos et al. (2012) wedge, with most of the non-masers falling below the W 1 − W 2 = 0.5 line. It seems, however, that this is not immediately the case: the masers and non-masers occupy color-color regions that overlap considerably. The distributions of both maser and non-maser galaxies follow the expected spread of galaxies (Wright et al. 2010) , without a clear delineation of WISE galaxy colors that can be associated with the masers. The only possible difference is in their average W 2 − W 3 color, which is clearly redder for the masers (< W 2 − W 3 > is 3.51 ± 0.06 for all masers and 3.07 ± 0.01 for non-masers). Only 24% and 42% of the maser galaxies satisfy the criteria W 1 − W 2 ≥ 0.8 and W 1−W 2 > 0.5, respectively, while only 18% of the maser galaxies fall within the color wedge defined by Mateos et al. (2012) . Among megamasers and disks, only ∼ 1/3 fall into the red WISE AGN category, regardless of which criteria are used, which implies that the majority of the disk megamasers are not necessarily associated with obscured dominant AGN activity.
Interestingly, while these mid-IR criteria for selecting obscured AGN do not seem to be particularly useful in finding a large fraction of megamasers and disks, the overall maser detection rates skyrocket in the red WISE AGN regime. We show the maser, megamaser, and disk detection rates as a function of these two colors in the central and the right panels of Figure 3 . The overall maser emission is detected among ∼ 9% of these sources, with a high proportion of them being megamasers and disks; there is a significant rise in the expected megamaser and disk detection (7−9% and 2−3%, respectively, depending on the color criteria), which represents a boost by at least a factor of three from the currently low rate of <3% and <1%, respectively. Thus, these trends also suggest that red AGNs are more likely to host a powerful water maser than the bluer AGNs.
Thus, while within the whole population of nearby galaxies there are very few objects with red W 1 − W 2 colors (∼4%; Stern et al. 2012) , it is definitely of great value to study these systems carefully, and definitely survey them all for maser emission. However, it is also clear that we will only recover about a third of the whole population of megamasers within this color regime. It is thus of interest to try to understand which other properties could be used to distinguish between masers and nonmasers, especially within the WISE -blue galaxy population as well.
The Role of the Mid-IR Absolute Brightness
After studying the role of the red AGN-sensitive W 1− W 2 and W 2 − W 3 colors in detecting maser galaxies and their subtypes of megamasers and disks, we extend our exploration to all possible mid-IR information that can be provided by the WISE observations. Among all of the available mid-IR information for these galaxies, we find that the absolute mid-infrared magnitudes (M W 1 , M W 2 , M W 3 , M W 4 ) convey important messages for enhancing the water maser detection rates. We discuss here the most significant trends. Figure 4 shows the distribution of our sample of maser and non-maser galaxies in the (M W 1 , M W 3 ) and (M W 2 , M W 4 ) diagrams, as well as the average mid-IR spectral energy distributions (SEDs; average νL ν values calculated for each WISE band, plotted as a function of each band's central wavelength) per maser type. The WISE fluxes for each galaxy have been calculated using the magnitude to flux conversion method described in Wright et al. (2010) , and the luminosities were calculated using the distances listed in Table 1 .
The most prominent trend that this comparison reveals is that the megamasers are significantly brighter than both the non-masers and the kilomasers in all of the four WISE bands. In fact, the mid-IR absolute luminosities or absolute magnitudes appear to be an efficient separator between the kilomasers and the megamasers, with the latter type being, on average, at least one order of magnitude more luminous (see right panel of Figure  4 ). Galaxies without detected maser emission exhibit average absolute luminosities (or magnitudes) in between those of kilomasers and megamasers. When the average integrated mid-IR luminosities L MIR are calculated, the trends remain equally obvious: < L MIR > kilomasers = Average νLν values as a function of the WISE mid-infrared wavelengths for the MCP kilomasers (yellow triangles), megamasers (cyan squares), disks (magenta filled circles), and non-masers (small grey circles).
× 10
43 erg −1 while < L MIR > megamasers = 1.4 × 10 44 erg −1 . The megamasers and their subgroup of disks remain similar in their mid-IR total power output, however, it is important to note that the object with the highest luminosity in each of the four WISE bands is a disk maser galaxy (NGC1068). By comparison, the least mid-IR luminous maser is a kilomaser (M33). Thus, targeting more mid-IR luminous galaxies is bound to return a higher fraction of megamaser-emitting systems in general, and megamaser disks in particular.
These differences may be suggestive of a stronger connection between a more significant dust heating in masers than in non-masers, however, that might be either proceeding more efficiently or may simply be quantitatively more enhanced in these sources. Unfortunately, the average SED shapes do not offer a clear way of breaking this degeneracy; they simply reveal a clear difference between the masers and non-masers, with the latter having a significantly flatter SED in the longer mid-IR wavelengths, i.e., less re-processing by the dust; the slightly red average slopes we measure for the megamasers are not statistically significant different, which is consistent with the comparisons of average WISE colors presented above. Nevertheless, the kilomasers are usually associated with star-forming regions (Lo 2005; Ott et al. 2013) , and thus, for very similar mid-IR colors or SED slopes, the order of magnitude more power exhibited by megamasers is highly suggestive of an additional radiation source, e.g., an AGN.
Additionally, this comparison also suggests that W 1 − W 4 could also be exploited as a separator between masers and non-masers. Because the W 4 band is the most luminous in megamasers, and especially for the disks, and is thus the wavelength region where the mid-IR emission peaks, the L W 4 = νL ν estimated at 22 µm can be an effective tool to explore for picking up the additional mid-infrared photons from the heated dust that is directly associated with the maser emission. In-deed, when we compare the megamaser and disk detection rates in all four WISE bands we find that they best correlate with L W 4 . We present in the following section a detailed analysis of the dependence of the maser properties on the W 1 − W 4 color, and show that it can be efficiently used as a measure of the obscured AGN activity in galaxy centers.
Combining the Optical and mid-IR Information
We are exploring here ways in which combinations of the optical and mid-IR photometric measurements and results presented in the previous sections can be best exploited towards identifying the closest links between maser emission and their host properties, and thus for enhancing the megamaser detection rates.
3.3.1. W 1 − W 4 as a proxy for the f24µm/fr flux ratio As mentioned in Section 1.3, the 24 µm-to-optical (f 24µm /f r ) flux ratio of type 2 AGN is well correlated with the X ray-to-optical flux ratio, which makes the former parameter a good diagnostic for the "relative" level of obscured AGN activity (Fiore et al. 2008; Georgantopoulos et al. 2008; Rovilos et al. 2011) . Because the optical flux of a galaxy can be converted to stellar mass (M * ) by assuming a universal initial mass function (Kauffmann et al. 2003a) , and the X-ray flux can be used to estimate the total luminosity of an AGN (L AGN ) by adopting a certain bolometric correction, the X rayto-optical flux ratio is then a measure of the L AGN /M * ratio, or the specific black hole accretion rate λ sBHAR . This ratio also can also measure the rate of the black hole accretion normalized (or relative) to the host stellar mass (Aird et al. 2017; Georgakakis et al. 2017) . It has been argued that λ sBHAR is a more fundamental property of an AGN than the observed luminosity, and that, under certain assumptions, λ sBHAR can be a proxy for the Eddington ratio (e.g., Aird et al. 2017) .
Because of the concurrence of the W 4 band with the 24µm emission, the r − W 4 color is a great proxy for the 24 µm-to-optical flux ratio. With the goal of exploring the greatly available WISE photometry for our MCP sources, and because the W 1 band is the closest WISE band to the optical r-band, we explore here the relationship between the r−W 4 and W 1−W 4, and thus, the potential use of the W 1 − W 4 as a measure of the "relative" level of obscured AGN activity.
We show in Figure 5 the distribution of all MCP galaxies with available SDSS r-band measurements in the r − W 4, W 1 − W 4 color-color diagram (left panel), along with the standard deviations of W 1 − W 4 in each r − W 4 bin (middle panel), and the detection rates of the various subtypes of masers as a function of W 1 − W 4 (right panel). It is quite apparent that r − W 4 and W 1 − W 4 correlate strongly (the Spearman's rank correlation coefficient is 0.86, and the standard deviations average at 0.6 and do not exceed 0.8) for the whole MCP sample. The correlation is only slightly weaker statistically when the kilo/mega/disk-maser sample are considered separately, the Spearman's rank correlation coefficient dropping to 0.6.
The high degree of correlation of r−W 4 with W 1−W 4 suggests that W 1 − W 4 can act as an indicator of the level of the true AGN activity or the specific black hole accretion rate. Under the assumption that the megamaser and the AGN activities are linked, this new tool should then offer significant improvements in the maser detection rates since only about half of our MCP sample has SDSS photometry while the W 1 − W 4 color is measurable for nearly all of these objects. Moreover, the maser detection rates, for all types of maser galaxies, are clearly increasing with redder W 1 − W 4 values, easily reaching greater than 5% levels for W 1 − W 4 > 6, which translates into a boost by a factor of 2 − 4 relative to the current detection rates. Additionally, the nearby galaxies with W 1 − W 4 > 6 account for 43% of the total population, which corresponds to an improvement by a factor of three (or five) in the size of the potential parent target population when compared to the number of galaxies with W 1 − W 2 > 0.5 (or W 1 − W 2 > 0.8), regardless of the availability of SDSS photometry. Thus, W 1 − W 4 has the potential to help enlarge substantially the sample size for studying the dependence of maser emission and its properties on the level or type of the associated AGN activity.
Now, if W 1 − W 2 >∼ 0.5 is effective for finding red/obscured AGN and a high fraction of masers, and since W 1 − W 4 proves to be an adequate tool for picking up sources with a high "relative" level of obscured AGN activity and also maser galaxies, it is of great interest to look into what these two colors can provide us with when working together. We show in Figure 6 the distribution of the MCP galaxies in these two parameters.
This plot primarily reveals that in the region where W 1 − W 2 > ∼0.5, adding the extra dimension of W 1 − W 4 can effectively separate maser galaxies from nonmaser galaxies. If we select a sample by using the criteria W 1 − W 2 > 0.5 and W 1 − W 4 > 7, the maser detection rate can be boosted to 18±2%, which is ∼ 6 times higher than the current maser fraction (3%). Interestingly, the overall maser detection rate does not show a further increase when tighter selection criteria (e.g., W1−W2 > 0.8) are considered. Hence, 18% is about the maximum detection rate one can achieve, and that is obtained by using W 1 − W 4 and W 1 − W 2 to select maser emitting systems. In terms of of megamasers and their subgroup of disks, the detection rates associated with these criteria become 15±2% and 5±1%, respectively, which constitutes impressive ∼ 5 times higher rates than the current values. These rather dramatic increases in the maser detection rates are however shadowed by a relatively small pool of potential target galaxies, which translates into a high likelihood of missing a large fraction of megamasers and disks (only 32% and 28% of all megamasers and disks, respectively, fall under these criteria). Maybe not surprisingly, not all of the 18% galaxies expected to exhibit red WISE colors of W 1 − W 2 > 0.5 show W 1 − W 4 > 7, leaving only 11% of all galaxies in this parameter range. Nevertheless, a slight relaxation of these constraints to W 1 − W 2 > 0.4 and W 1 − W 4 > 6 (shown in Figure  6 with blue dot-dashed lines) increases the parent target population to 17%, and still recovers high detection rates of 11%, 9%, and 3% for the overall maser population, the megamasers, and the disks, respectively. The sample completion rates are also increased by 50%, mean- non-masers kilomasers megamasers disk masers Figure 6 . The distribution of the MCP galaxies in the (W 1−W 4, W 1 − W 2) color-color diagram. The green dashed lines correspond to W 1 − W 2 = 0.5 and W 1 − W 4 = 7. The overall maser detection rate for sample galaxies having W 1 − W 2 > 0.5 and W 1 − W 4 > 7 is 18±3%, while megamasers and disks are expected to be detected at the impressive rates of ∼ 15% and ∼ 5% respectively. A more relaxed constraint of W 1−W 2 > 0.4 and W 1−W 4 > 6 (shown with blue dot-dashed lines) still recovers high detection rates of 11%, 9%, and 3% for the overall maser population, the megamasers, and the disks, respectively, with a 50% increase in the completion rates.
ing that the likelihood of losing good megamasers (i.e., disks) is significantly diminished. Thus, these criteria offer a very effective balance between high maser detection and completion rates, among selections based on optical classifications or mid-IR photometry, making this way of selecting maser targets the most promising for great enhancements in maser detections in future surveys. Because in obscured AGNs a significant portion of the total AGN luminosity is re-emitted in the mid-IR wavelengths, if the strength of the AGN activity plays a role in exciting the maser emission, one might expect a correlation between the megamaser detection rate and their host's total mid-IR luminosity L MIR . We explore this in Figure 7 , where we show the distribution of the MCP galaxies in the L MIR and the W 1 − W 4 color, along with the detection rates of various maser types as a function of L MIR .
Interestingly, while there is no obviously strong correlation between L MIR and W 1 − W 4 for the whole MCP sample or for the subsample of kilomasers, when only the megamasers are considered the two mid-IR measures become rather tightly correlated: the Spearman rank coefficients are 0.67, 0.29, and 0.82, for the samples of all MCP objects, the kilomasers, and the megamasers, respectively. Since W 1 − W 4 can be an indicator of AGN strength (see Section 3.3.1), the correlation between L MIR and W 1 − W 4 for megamasers suggests that the mid-IR luminosity can also be employed to estimate the level of AGN activity, and thus, to enhance the maser detection rate. Indeed, the megamaser and disk detection rates show a significant increase towards higher L MIR , with levels above 5% for L MIR 10 43 erg s −1 where the kilomaser presence starts diminishing (Figure 7 , right panel).
We note that this potential threshold in L MIR for megamaser detection is reminiscent of the results of Zhu et al. (2011) who show that the maser detection rate increases as a function of the [O III] luminosity, which is considered to be an important tracer of the bolometric luminosities of AGNs. Thus, the rising maser fraction as a function of mid-infrared luminosity brings additional support to the scenario that the AGN strength plays a significant role in exciting maser emission.
In addition to strengthening the link between megamaser and AGN activities, this plot also indicates that the megamaser detection rate can be additionally boosted by at least a factor of ∼2 by selecting galaxies with L MIR ≥ 10 44 ergs s −1 , to 6.7 ± 0.8% and 2.5 ± 0.5% for megamasers and disks, respectively. Furthermore, as we argue in the next subsections, by combining these trends with those in optical photometry we can improve the odds of finding megamaser disks even further.
The combined effect of LMIR and u − r
We recall that while the f 24µm /f r flux ratio in itself does not measure the AGN activity, the ratio can be used to estimate the level of AGN emission relative to that of the host (therefore, as discussed before, the relative level of AGN activity); thus, it is the enhancement in this ratio that reflects the strength of the putative AGN. We also note that the f 24µm /f r ratios exhibit an intrinsic range among normal galaxies (i.e., without a dominant AGN) that is highly dependent on the galactic morphology (e.g., Rovilos et al. 2011) , with later types (of bluer optical colors) exhibiting higher intrinsic f 24µm /f r ratios than galaxies with earlier morphologies (of redder optical colors). Thus, for a certain population of galaxies sharing the same (or no) level of AGN activity, the f 24µm /f r ratios increase as the galaxy colors change from red to blue without mirroring a significant (optically detected) AGN enhancement.
We showed that the megamaser activity is more enhanced (i.e., higher megamaser detection rates) for stronger mid-IR emitters (higher L MIR values), and with redder W 1 − W 4 colors (Section 3.3.3, Figure 7 ), which also correlate well with higher f 24µm /f r ratios (Section 3.3.1, Figure 5 ), while there is no significant correlation with the optical u − r color, and thus with the host morphology (Section 3.1, Figure 2) . A natural conclusion of these trends is that the enhancement in the f 24µm /f r ratios in megamasers reflects AGN activity, and thus the megamaser excitation is linked to this type of nuclear activity. If megamasers are more easily excited when the AGN strengths increase beyond a certain threshold, one would expect the total mid-infrared luminosities of megamasers, which are correlated with the f 24µm /f r ratios, to increase as the optical galaxy colors become bluer. We explore this possibility in Figure 8 .
When the total mid-infrared luminosities of the MCP galaxies are plotted as a function of their u − r colors (Figure 8, left panel) , it becomes apparent that the megamaser number densities increase for larger L MIR and redder u − r values. In fact, we find that most (90%) of the megamasers lie above the line defined by log(L MIR ) = −2.5 × (u − r) + 49.5. Note that greater values of log(L MIR ) + 2.5 × (u − r) essentially mean a greater degree of enhancement of the f 24µm /f r ratios by the AGN activity, and thus, once again, we are witnessing trends consistent with the idea that the AGN power may need to be above a certain high level to efficiently excite the megamasers.
Moreover, the consideration of the optical u − r color in conjunction with L MIR appears to open new ways to improve on the maser detection rates. When the maser detection rates are plotted as a function of log(L MIR ) + 2.5 × (u − r) (Figure 8 , middle panel), keeping only the galaxies with log(L MIR ) > 43, which includes all of the detected disks with optical (SDSS) photometry, we find that greater values of log(L MIR ) + 2.5 × (u − r) correspond to increasing enhancements in the megamaser and disk detection rates. In particular, for objects with log(L MIR )+2.5×(u−r) > 49.5 (that lie above the dashed green line in Figure 8 , left panel) and log(L MIR ) > 43, the megamaser disk detection rates increase by at least a factor of 3 relative to that calculated for the entire sample of galaxies with available SDSS photometry, mounting from 0.7% to 2%, for 94% completeness rates; for megamasers, the detection rate rises to 5.4%, for a completion rate of 88%. For brighter mid-IR sources, with log(L MIR ) > 44, the detection rates of all megamasers and disks in particular, increase to ∼8.3% and 3.7%, respectively, with corresponding completion rates of 54% and 67%. These criteria manage to minimize the exclusion of known disk megamasers, while maximizing the inclusion of all types of megamasers.
3.3.5. Enhancing the detection rate by including the g-band absolute magnitude
As seen in Section 3.1, 100% of the disk masers exhibit g-band absolute magnitudes M g < −19.7, out of 69% of all MCP galaxies with SDSS photometry, and thus it has potential for increasing both the target sample and the megamaser completion fraction. Since M g is independent of L MIR and u − r, including this parameter in the analysis adds a new independent dimension to studying the maser detection problem.
When plotting the L MIR + 2.5 × (u − r) parameter as a function of M g for all MCP galaxies with SDSS photometry (Figure 9 ), it is readily apparent here that the majority of the megamasers and disks lie in the topright quadrant of the diagram. In fact, by choosing log(L MIR )+2.5×(u−r) ≥ 49.5 and M g < −19.7 (marked in the figure by the dot-dashed blue lines), we select a sample of galaxies that includes 95% of the disk megamasers and 79% of all known megamasers. The detection rates corresponding to these limits are 5.8±0.9% and 2.5±0.6% for the megamasers and disks, respectively, which is a welcomed increase by > 3 times relative to the current rates within the sample with SDSS photometric The distribution of the MCP galaxies as a function of L MIR and u − r; only the galaxies with available SDSS photometry are plotted here. The majority (88%) of the megamasers lie above the green dashed line corresponding to log(L MIR ) = −2.5 × (u − r) + 49.5; Middle panel: The maser detection rates as a function of log(L MIR ) = −2.5 × (u − r) + 49.5, for galaxies with log (L MIR ) > 43, which includes all the currently detected disks with SDSS photometry; Right panel: The maser detection rate as a function of L MIR for sample galaxies having log(L MIR ) = −2.5 × (u − r) + 49.5. data (i.e., 1.9±0.3% for megamasers and 0.7±0.2% for disk masers).
Interestingly, this particular enhancement in the maser detection can be improved even more by choosing just a slightly tighter cuts: for log(L MIR ) + 2.5 × (u − r) ≥ 49.8 and M g < −20.2 (marked in the figure by the dashed green lines), we include 68% of disk masers and 52% of the known megamasers, while their detection rates skyrocket to 7.8±1.5% and 3.7±1.0%, respectively, which is an increase relative to the current rates by a factor of ∼ 5. Thus, these criteria offer the highest megamaser and disk detection rates for the highest degree of completeness, especially for the disk systems, among all the criteria explored so far.
Moreover, if we select a sample based on the method described above, but only among the galaxies with L MIR ≥ 10 44 ergs s −1 , the detection rates increase further to 11.9±2.5% and 6.5±2.1% (corresponding to an increase by a factor of ∼ 6 − 9 in the detection rates) for megamasers and disks respectively, while the completeness rates reduce very little, to 44% for megamasers and 58% for the disks, which is still higher than when other criteria are employed (e.g., those targeting only WISE red objects, with a conservative W 1 − W 2 > 0.5 color cut, which recover only < 30% of known megamasers or disks; see Section 3.2.1).
3.4. The Dependence on the Isotropic Maser Luminosity The utility of megamasers in either understanding the physics of SMBH accretion or in making accurate distance determinations, and thus for cosmological constraints, is most efficient when these systems are bright enough so that a high enough sensitivity is achieved with a relatively short observing time. It is therefore important to investigate the dependence of the total (isotropic) maser luminosities L H2O on the AGN/galactic properties. Figure 10 illustrates the relation between L H2O and the WISE properties with the most potential association with strong maser emission, and thus with the highest megamaser detection rates, as discussed in the previous sections: the W 1 − W 2 and W 1 − W 4 colors (the left and middle panels, respectively), and the integrated mid-IR luminosity (L MIR ). At first glance, there are no apparent relationships here. A closer look, however, reveals some interesting features.
A rather surprising trend is that the most luminous disk masers (i.e., those with L H2O > 300 L ⊙ ) appear to reside more preferentially in hosts with bluer WISE colors, i.e., with W 1 − W 2 < 0.5. This could suggest that brighter disk masers prefer AGNs of bluer hosts, although this may simply be the result of the selection biases of the current maser samples: current maser surveys preferentially targeted optically known Seyferts (Constantin 2012) that are not optically obscured by high columns of obscuring dust, and thus, do not reprocess the central radiation at high enough levels that are seen as red in mid-IR. The fact that, among all megamasers, there is no particular correlation of L H2O with W 1 − W 4 or L MIR supports the targeting bias scenario, and discards a possible correlation between the water luminosity L H2O and W 1 − W 2.
These trends do not necessarily contradict the previously suggested (albeit weak) dependence of the maser emission on the AGN strength by Zhu et al. (2011) , Kondratko et al. (2006) , and Castangia et al. (2013) , who are employing the [O III] and the X-ray luminosities as proxies for the AGN strength. While our findings of higher megamaser detection rates for redder W 1 − W 4 and stronger L MIR suggest that an enhanced AGN activity eases the detection of a water maser system, an association between these two types of activity cannot be described by a simple correlation between their strengths.
In addition to these mid-IR indicators of AGN activity, we also do not find any correlations between L H2O and any other combinations of optical and mid-IR properties we have explored so far. This can be explained by recalling that megamasers often display significant variability and that the production rate of maser photons per unit volume depends on multiple physical parameters besides the strength of AGN, e.g., the amplification path lengths, the warping angle of an accretion disk (particularly for the disk masers; Neufeld, Maloney, & Conger 1994) , the temperature difference between gas and dust in the masing environment (e.g. Gary et al. 2016) , the degree of saturation, etc., which can vary substantially in different systems. We discuss in more detail these effects and their potential consequences on the correlations discussed so far in the next section.
DISCUSSION: THE RELATIONSHIP BETWEEN THE AGN STRENGTH AND THE MEGAMASER DETECTION RATE
This analysis provides new evidence for a strong relation between the megamaser detection rate R maser and a variety of optical and mid-IR photometric galactic properties that can act as proxies for the presence and likely the strength of the incumbent AGN. Nevertheless, while we have uncovered ways of improving on the rate at which megamasers could be detected, from a current < 1% to more than 15%, the trends we revealed here do not provide us with new or satisfactory improvements on our understanding of the physics of water maser excitation processes.
The correlations found to date between the detection rate as well as the strength and the morphology of the water maser emission and the nuclear properties of their host have been explored under the rather simple assumption that the megamaser emission originates primarily from the thin accretion disk that is obliquely illuminated by a central X-ray source (e.g., Neufeld & Maloney 1995 , Neufeld 2000 . In this scenario, the total maser luminosity L H2O ∝ L AGN (where L AGN is the bolometric luminosity of the AGN), and thus a correlation between R maser and L AGN becomes reasonable because higher L AGN leads to higher L H2O , making megamasers easier to detect.
Indeed, we found that when compared to non-masers and kilomasers, the megamasers do appear to favor more luminous hosts, as well as stronger optical and mid-IR emitters. However, among megamasers alone, there is no clear (or at most tentative) relation between the strength of the water maser emission and that of the AGN activity, whether this is measured via optical photometry (M g ), optical line emission (e.g., L [OIII] ; Zhu et al. 2011; Constantin 2012) , the X-ray activity (e.g., Castangia et al. 2013; Kondratko et al. 2006) , or via its reprocessed counterpart in mid-IR by the surrounding dust (L MIR or W 1 − W 4; this study).
Particularly puzzling in this regard is the low luminosity nature of the AGN in NGC 4258. In this prototypical megamaser disk galaxy, the accretion rate of the supermassive black hole is estimated to be 10
and the Eddington ratio is ∼1×10 −4 (Herrnstein et al. 2005) , showing that strong megamasers such as this one do not necessarily require high Eddington ratios. Therefore, it is not clear why R maser diminishes significantly when the associated AGN becomes weaker. Evidence for variability in both the AGN activity on multiple time scales (e.g., Ulrich et al. 1997) and that of the associated maser emission (e.g., Pesce et al. 2015) suggests that such variations, especially when they are not measured simultaneously in other wavelengths, may easily smear out a correlation between the AGN and megamaser strengths.
It is pretty clear that more subtle physics must be involved, and we explore here two possible improvements in our understanding of these phenomena: 1) the potentiality of megamasers arising from or with the AGN outflows, and 2) the likelihood that megamasers originate from nearly edge-on sub-parsec warped gas disks.
4.1. Connecting Megamasers with AGN outflows AGN-driven gas outflows are generally good tracers of the AGN activity in general, and of the AGN feedback in action in particular (e.g., Rupke et al. 2005 , Greene et al. 2012 . Powerful outflows are found to significantly influence the surrounding interstellar matter, and in particular, AGN outflows appear easily able to shock the circumnuclear gases leading to densities and temperatures that are suitably high for generating water maser emission. For an efficient excitation of the 22 GHz water masers, the required number density and temperature of the molecular gas are 10 8 − 10 10 cm −3 and 400 − 1000 K, respectively (Herrnstein et al. 2005; Gray et al. 2016) .
Maybe not unexpected is the fact that both the outflow rate of molecular gas and the power of AGN outflows are found to depend strongly on L AGN (e.g., Fiore et al. 2017 ). In the case of the ionized gas, the kinematic signature of AGN outflows is very common in luminous type 2 AGNs, showing a clear increasing trend of the outflow fraction from 20% to almost 100% as the [O III] luminosity increases from 10 39 ergs s −1 to 10 42 ergs s −1 (Woo et al. 2016 ; see also Kang et al. 2017 for Hα line based AGN fractions). Thus, it is natural to speculate that as the AGN emission becomes stronger and the probability of finding powerful AGN outflow gets higher, the circumnuclear gas is more likely to get shocked and produce maser activity, leading to the observed correlation between R maser and AGN strength.
While this simple picture is appealing, it remains practically unexplored. Currently, high-resolution VLBI imaging of masers in jet systems only exists in a few galaxies, e.g., NGC 1052 (Claussen et al. 1998) , Circinius (Greenhill et al. 2003 ), NGC 1068 (Gallimore et al. 2001 ), Mrk 348 (Peck et al. 2003 , and thus, there are not enough statistical data to probe the above mentioned correlations.
The Role of Maser Disk Warping
That at least a fraction of megamasers originate in a disk-like configuration is now well established. The real fraction of disk megamasers could easily be larger than what is currently observed as their detection requires that the gas disk be nearly edge-on (i.e., within a few degrees from being edge-on; Kuo et al. 2011; Reid et al. 2013; Kuo et al. 2013; Gao et al. 2016) . The nearly edge-on disk is necessary in order to provide the longest amplification path length that can lead to the strongest maser amplification. Previous maser surveys primarily targeted on Seyfert 2 galaxies mainly because of the higher likelihood of finding nearly edge-on disks in these systems, under the assumption that the standard model of AGN (Antonucci 1993) holds true. While the disk inclination is very likely the primary reason for the low maser disk detection rates, this parameter does not offer much interpretation for the correlation between R maser and the strength of AGN, because it is mainly a geometrical effect.
To explain the dependence of R maser on L AGN for disk masers, one has to first understand how the necessary conditions for water maser excitation may depend on geometry itself. Based on the standard theory of a thin steady-state accretion disk, the number density in the mid-plane of the disk can be written as a function of radial distance r as (Herrnstein et al. 2005; Neufeld & Maloney 1995) :
where M 0 is the central mass,Ṁ is the accretion rate, α is the Shakura-Sunyaev parameter of the kinematic viscosity (Shakura & Sunyaev 1973) , c s is the speed of sound, and m H2 is the mass of the hydrogen molecule. By assuming L AGN = 0.1Ṁ c 2 , where c is the speed of light, α = 0.1, and c s = 2.3 km s −1 (corresponding to the gas temperature of 800 K), we can re-express n H2 as a function of the Eddington ratio η Edd and M 0 as:
From here, it is clear that as long as the gas can be heated to a few hundred kelvins, the density requirement for maser excitation can be easily fulfilled at highly sub-Eddington systems such as NGC 4258 at sub-parsec scales. By comparison with the needed gas density for maser excitation, what is actually more difficult to fulfill is the temperature requirement. We also note, however, that, for NGC 4258, the assumption of steady-state accretion might not hold (Gammie, Narayan & Blandford 1999) .
In the standard picture of maser excitation in an accretion disk (Neufeld, Maloney, Conger 1994; Neufeld & Maloney 1995) , which is established based on the study of NGC 4258, the gas disk has to be warped so that the high-density mid-plane gas can be directly illuminated by the central X-ray source, to rise the gas temperature T gas above 400 K. In a completely flat disk, the midplane is shielded from the heating source and the gas remains too cold (i.e. T gas < 100 K) to mase; the viscous heating alone is insufficient to heat the disk to a sufficient temperature. Therefore, an external source of torque is needed in order to warp the disk so that the gas receives sufficient X-ray heating necessary to excite the maser. In other words, the weaker the AGN is, the greater the degree of warping needs to be in order for the gas to receive sufficient heating flux F X .
Disk warping plays yet another important role in producing or enhancing the maser emission. After T gas rises above 400 K, the volume rate of maser photon production depends significantly on the temperature difference between gas and dust (Gray et al. 2016 ), which in turn depends primarily on F X (Neufeld, Maloney & Conger 1994) . While these dependences are highly non-linear, mainly due to their dependence on other physical parameters such as pressure and gas density in the disk, there is tentative evidence for a correlation between the X-ray flux and the increase in the maser emissivity (Neufeld, Maloney & Conger 1994; Neufeld 2000) ; these calculations show that the amount of heating flux received by the gas in the disk increases with the obliquity of the disk (i.e., the tilt or the warping of the disk), and thus it is likely to result in higher maser emissivity. A major caveat here is that the maser emissivity also depends on the bolometric luminosity of the central AGN: while an increase in the X-ray luminosity can lead to an increase in maser emissivity, an increase in the bolometric luminosity that is not necessarily driven by an increase in Xray luminosity will decrease the maser emissivity because the temperature difference between gas and dust becomes smaller. Hence, the exact type of AGN activity will play a crucial role in determining the type of the emergent maser emission, and the exact inter-dependence remains a conundrum.
The Probability of Finding Disks with Different
Degrees of Warping Warping a gas disk within the gravitational sphere of influence (R inf ) of the central SMBH is difficult. There are only two mechanisms that have been demonstrated to be able to warp the sub-parsec maser disks effectively. One way is via the Bardeen-Peterson effect (e.g. Caproni et al. 2007) caused by the interaction between the BH spin and the gas disk; however, this mechanism can only warp the disk in NGC 4258 by ∼ 3 − 4
• on a timescale of a few ×10 8 years (Bregman & Alexander 2012) whereas the maser disk in this galaxy displays a warp angle of ∼8
• (Herrnstein et al. 2005) . A potentially much more efficient warping mechanism is the Resonant Relaxation (Bregman & Alexander 2009; Bregman & Alexandar 2012) , in which the gas disk is warped due to the residual torque produced by stars residing within R inf . In this situation, the maser disk can be warped on a smaller timescale of ∼ 10 7 years, however, the probability of producing warping angles of ∼10
• is considerably smaller than that of warping angles of just a few degrees. While the validity of the proposed warping mechanisms still needs to be constrained observationally, it is quite reasonable to conjecture that the probability of finding disks with smaller warping angles could be higher than that of finding disks with larger warping angles. As a consequence, the maser detection rates R maser will be expected to correlate with the AGN strength because as L AGN increases the required degree of warping angles that would satisfy the masing conditions gets smaller, and hence, the probability of finding these disks becomes higher.
We also note here that for luminous AGNs where the Eddington ratio η Edd gets above 0.1 another heating mechanism comes into play and the requirement of disk warping for maser excitation can become less stringent. As demonstrated by the results of axisymmetric radiation hydrodynamic simulations of Namekata & Umemura (2016) , the mid-plane temperature of a completely flat dusty gas disk without warping around a BH of mass 10 7 M ⊙ (i.e., the typical BH mass measured for maser disks) with η Edd = 0.77, can rise above 400 K at the radius of 0.5 pc. In this case, the heat transfer through collision between the gas in the mid-plane and the gas above/below the mid-plane which can be directly heated by the X-rays may become efficient enough so that the mid-plane gas can be warmed significantly without the disk being warped and illuminated directly. Thus, it is possible that the maser detection rate R maser increases considerably for high L AGN due solely to the fact that the temperature requirement for maser excitation becomes increasingly easier to fulfill.
To find evidence for these ideas, we compare the degree of warping θ warp (or how much the disk is bent) of the five disk maser systems (NGC 6323, NGC 6264, NGC 5765b, UGC 3789, and NGC 4258) that are found, to date, to have well defined disk structures in high sensitivity VLBI observations. All of these systems have been modeled in three dimensions and the warping parameters are constrained with high accuracy (i.e., the position angles of the maser disk at different radii can be constrained to better than 2 degrees for systems such as NGC 4258). We summarize the warping parameters and other basic parameters for each of these five galaxies in Table 2 , where we sort them in increasing order of their L AGN . Note that we do not include disk maser systems such as Circinus (Greenhill et al. 2003) in this analysis because these systems do not have acceleration measurements for their maser features which are required to constrain maser positions along the line of sight in accurate three dimensional modelings for disk masers . Note. -Column 1: Name of the galaxy; Column 2: The distance to the galaxy used for converting the angular scale to the physical scale; Column 3: The bolometric luminosity of the AGN. With the exception of NGC 5765b, the bolometric luminosities are from Greene et al. (2010) . For NGC 5765b, the bolometric luminosity is estimated from the [O III] luminosity reported in Gao et al. (2017) , with the bolometric correction from Liu et al. (2009) ; Column 4: The Eddington ratios; Column 5: The change of the position angle with the angular radius. These are the best-fit warp parameters from three-dimensional Bayesian modeling of the observed maser disks, with the corresponding references listed in Column 7; Column 6: The warping parameter of the maser disk, θwarp, which is evaluated by θwarp = dp/dr(rin
, where rin and rout are 0.17 and 0.37 pc, respectively; d 2 p/dr 2 = −0.24 ± 0.02 for NGC 4258, and it is unavailable for the other galaxies except for UGC 3789 where this is set to zero given that the warp is extremely small. Column 7: The references from which we obtained the best-fit warp parameters.
The degree of disk warping, θ warp , is generally defined as the change in the position angle of the disk from the inner radius r in to the outer radius r out of the disk. We note however that different maser disks usually exhibit different r in and r out , which makes any comparison of the warping quite challenging. For the sake of consistency, we re-define the θ warp as the change in the position angle of the disk over a radial extent of 0.2 pc, stretching from r in = 0.17 pc to r out = 0.37 pc; r in = 0.17 pc is the inner radius of the maser disk in NGC 4258 (Herrnstein et al. 2005) .
Among these five galaxies, NGC 4258 has the lowest bolometric luminosity and Eddington ratio (L AGN = 10 42 ergs s −1 ; η Edd = 2 × 10 −4 ), and the largest θ warp = 9.3
• ± 1.7
• (Humphreys et al. 2013) . As L AGN increases by two orders of magnitude, θ warp becomes significantly smaller, by at least a factor of three and reaching even an order of magnitude. Unfortunately, the Eddington ratios of the four more luminous maser disks are similar, and thus are not particularly helpful in identifying additional trends with the degree of warping.
From these comparisons, one can easily see that as the AGN strength increases, θ warp drops and can become quite negligible at the highest AGN luminosities among our sample. In light of a possible strong link between the AGN and the water masing strengths, this would translate into less warped maser disks found with maser searches targeting objects with higher Eddington ratios. While the number statistics are currently too small to confirm any clear relation between the maser disk warping and the AGN strength, as well as provide sensible constraints of the detection rates of maser disks of a certain degree of warping, the general trend is well consistent with the proposed picture. If and when more high quality images of disk maser systems become available, we will be in a better position to test and quantify this proposed relationship between the warping angles of the disk masers and the AGN strength and the accretion efficiency, and thus should provide crucial insights into the link between the megamaser excitation and SMBH accretion disks.
CONCLUSIONS: GUIDANCE FOR FUTURE MASER SURVEYS
To reach the ultimate potential of H 2 O megamasers for measuring a percent-level H 0 , as well as for a significant increase in the number of accurately measured masses of SMBHs, we need efficient searches for new megamaser disk systems. We address here ways in which we could greatly improve our quest for finding these exotic systems, by exploring the maser host galaxy characteristics that relate to, and thus possibly nurture the production of powerful masers in their centers.
Using data from the Wide-Field Infrared Survey Explorer (WISE ), with optical photometry from SDSS as auxiliary information, we present here a thorough analysis of the photometric properties of the largest sample of galaxies surveyed for H 2 O maser emission in 22 GHz, with the goal of better constraining the previously proposed connection between water masing activity and the circumnuclear dust absorption and radiation reprocessing in galaxy centers. To date, this kind of information is scarce, as no systematic study of the multi-wavelength properties of the galaxies observed in H 2 O maser emission at 22 GHz has been performed for a sound statistical sample. We only now have the statistics to pursue such an investigation.
Our main results are summarized in Table 3 , and are briefly discussed as follows: Note. -Rmaser, RMmaser, and R disk are the detection rates of all masers, megamasers, and disks, respectively. C is the completeness rate, listed separately for all masers, megamasers, and disks. The highest detection and completion rates for megamasers and disks are highlighted in bold. Note that the detection rates and completeness rates shown in the last three rows of this table are calculated relative to the entire sample of galaxies with available SDSS photometry. a N disk = Predicted number of new disk masers that could be detected based on each criteria, from the SDSS-DR14 sample of nearby galaxies with photo-z < 0.1, photo-zErr < 0.01 , photo-zErr/photo-z < 1/3 and distance between 100 and 300 Mpc (a total of 23277 galaxies); R 100−300 disk = The disk detection rate prorated for this particular distance range.
• Red W 1 − W 2 colors: The mid-IR color cuts for selecting red/dusty AGNs reveal a dramatic increase in the maser detection rates (up to ∼ 10% for all masers, and ∼ 7% for the megamasers and disks, depending on the exact criteria involved in defining the red WISE galaxies, which is a boost by at least a factor of four relative to the current rates). Nevertheless, these criteria, which link once again the masing activity with dusty/obscured black hole accretion, correspond to a rather small maser completeness rate: they would miss the bulk of the megamaser disks out there, as the majority (∼60%) of the masers and disks are found to be hosted by WISE blue galaxies. Also, the potential pool of such galaxies remains small, as only 16% of our entire sample satisfy this criterion.
• Red W 1 − W 2 & W 1 − W 4 colors: By adding the W 1 − W 4 information we are able to avoid galaxies with low emission in W 4 at 22µm where the maser detection rates are the lowest, and to raise the detection rates of all masers and megamasers to ∼ 18% and ∼ 15%, respectively, depending on how stringently red are considered the galaxies. The completeness rate can be higher than 48%
for detection rates that are three times better than the current ones. While with the most stringent red colors the detection rates can be the highest among all other sample selection methods we have explored here, they would be able to target only 30% of the megamasers, meaning that we would still miss the bulk of the maser disks. Because there are only ∼ 6% of galaxies that comply with these criteria, these surveys are less prohibitive in terms of the total observing time.
• L MIR > 10 44 ergs s −1 : By selecting galaxies with luminous mid-IR emission, the maser detection rates can be increased by a factor of 2 − 3 from the current ones. While the maser detection rates are lower in comparison with the previous two methods, they are still a factor of at least three larger than the current ones, with a rate of completeness that reaches ∼ 60% for megamasers and disks. For a slightly lower mid-IR luminosity, i.e., L MIR > 10 43 ergs s −1 , the pool of available galaxies to be surveyed increases by a factor of three, and the disk completion rates rises to ∼ 100% for megamaser and disk detection rates that almost double the current detections.
• log(L MIR ) + 2.5 × (u − r) > 49.5 and L MIR > 10 43 ergs s −1 : A combination of intrinsically bright mid-IR emission and optical colors results in reasonably high detection rates (double the current ones) with only a small likelihood of not surveying disks or megamasers in general (the completion rates are > 90%). These criteria are particularly useful in avoiding the kilomasers, targeting most efficiently the megamaser activity, with or without an obvious disk.
• log(L MIR ) + 2.5 × (u − r) > 49.8 and M g < −20.2:
By combining the total mid-IR luminosity with optical colors and optical brightness, the maser detection rates rise to ∼ 8% and ∼ 4% for the megamasers and disks, respectively; this represents an enhancement of a factor of 4-5 times relative to the current ones, among all surveyed galaxies with SDSS photometry. While the detection rate of megamasers is comparable to those drawn from samples of galaxies with W 1 − W 2 > 0.8, the completeness is increased 3-fold, especially for the disk masers: 52% of megamasers and 68% of disk masers satisfy these criteria. The total number of galaxies in this parameter range is also two times larger than in the case of W 1−W 2 > 0.8 limit, increasing thus the total number of potential disk detections.
• log(L MIR ) + 2.5 × (u − r) > 49.8 and M g < −20.2 plus L MIR > 10 44 ergs s −1 : When an additional condition on the integrated mid-IR brightness is employed, the megamaser and disk detection rates increase to ∼ 12% and ∼ 6%, respectively (a factor of 6 − 9 increase relative to the current rates), while the completeness remains relatively high (i.e., above 44% or higher). These criteria should constitute the most efficient way of hunting for the next megamaser disks.
Of course, one of the most pressing questions is finding how many un-surveyed galaxies are in these particular parameter spaces, and how many megamasers might they detect. What really matters for improving H 0 or SMBH statistics is not so much the completeness as the sheer numbers. While previous maser surveys might have somewhat exhausted the main samples of nearby spectroscopically identified galaxies, there is a significantly higher number of galaxies with photometric redshifts that have not yet been explored for water maser emission.
Working with, for example, the SDSS DR14 sample of nearby galaxies with photometric redshifts, a best match to the redshift (or distance) distribution of the MCP samples discussed here is given by the selection of all galaxies with photo-z < 0.1, photo-zErr < 0.01 , photozErr/photo-z < 1/3 and distance between 100 and 300 Mpc (for objects closer than 100 Mpc the photometric redshifts are not reliable).
Tailoring our analysis for this particular distance range (which results in slightly smaller detection rates for maser galaxies of all types), and applying the photometric criteria summarized above, we find that quite a high number of megamaser disk systems are still to be detected. These number predictions are listed in the last column of Table 3 , which reflects the potential to find 20 (or 81) new maser disks from a survey of carefully chosen ∼ 360 (or ∼ 2500) galaxies, that obey the last (or the second to last) set of criteria listed in Table 3 , making these results supremely valuable. We caution, however, that this success rate may be subject to a preselection on strong narrow line emission activity, as it was generally employed in building the MCP samples.
Regarding the need and the use of the new hopeful detections of megamaser disks, a 1% accuracy in H 0 can potentially be achieved via either: i) the measurement of ∼10% accuracy distances to 100 disk maser systems, or ii) the measurement of high-accuracy ( 3%) distances to ∼10 disk maser galaxies (e.g., Greenhill et al. 2009 ). The number of disk masers from which one can obtain distances with ∼10% accuracy is likely to remain below 100 in the following decade, even when applying our most efficient predictions for selection (Table 3) , as the survey time would become prohibitively long, making the first option utterly impractical. While the current VLBI sensitivity can provide the needed 3% accuracy only for one maser disk (NGC 4258), the Next Generation Very Large Array (ngVLA) within the VLBI is bound to make that accuracy possible for a larger number of maser disks, making the second option for achieving 1% H 0 actually feasible: the current maser surveys provide a fraction of ∼ 1/7 disk masers with sufficient quality for 3% accuracy in the distance measurements, suggesting that all we need is the discovery of ∼70 new maser disks; with the ∼6% detection rate we predict here, we will need to survey ∼1200 narrow-emission line galaxies that satisfy the criterion, and this is doable with a GBT scanning time of ∼10 minutes per galaxy, or a total of 200 GBT hours (which is the typical GBT time awarded to the MCP per year before 2013). The work presented here constitutes our first step to enhance the maser detection rate. We find that, although employing mid-IR criteria improves considerably the megamaser detection rates, the mid-IR emission alone does not seem to be particularly sensitive or constraining to the maser pumping mechanism. On the other hand, the maser disk detection could remain the only way to acknowledge accreting SMBHs in WISE blue hosts whose nuclei do not show clear signs of AGN-like optical nebular properties, and thus could provide an improved way to compute a refined census of active black holes in galaxy centers. A better understanding of the individual contributions from the host starlight, the nuclear star formation, as well as the central AGN to the mid-IR properties, and thus to the effects of each of these activities on the water masing processes, can be achieved with SED fittings of the light emitted by the hosts of the various subtypes of masers and of non-masers, and we are presenting this analysis in a future paper (Kuo et al. 2019, in preparation) .
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